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Title: Fractional-N Digital Modulation with Analog IQ Interface 
Related Applications 

[0001] The present application is related to concurrently filed non-provisional 
applications: 

[0002] (i) by S.R. Humphreys and A.W. Hietala entitled Fractional-N Synthesizer with 
Improved Noise Performance; 

[0003] (ii) by B.T. Hunt and S.R. Humphreys entitled Dual-Modulus Prescaler; 
[0004] (iii) by S.R. Humphreys and A.W. Hietala entitled Accumulator with 
Programmable Full-Scale Range; and 

[0005] (iv) by B.T. Hunt and S.R. Humphreys entitled True Single-Phase Flip-Flop; 
which non-provisional applications are assigned to the assignee of the present invention, 
and are hereby incorporated in the present application as if set forth in their entirety 
herein. 

Field of the Invention 

[0006] The present invention relates to digital modulation systems and methods. More 
particularly, the present invention relates to F-N digital modulation systems having an 
analog interface receiving baseband in-phase and quadrature data signals. 

Background of the Invention 

[0007] Phase-locked loop (PLL) frequency synthesis is a well-known technique for 
generating a variety of signals of predetermined frequency in many applications, e.g., 
digital radiotelephone systems. Briefly, the output of a voltage-controlled oscillator 
(VCO) is coupled to a frequency divider for providing one input to a phase detector. 
Another input to the phase detector is a reference signal from a fixed frequency source 
having high stability over a range of operating conditions. Differences in phase 
determined by the phase detector (typically reflected as charge pulses) are then filtered 
and applied to the VCO to control changes to the frequency of the VCO of such 
magnitude and sign as to reduce the detected phase difference. 

[0008] Fractional-N (F-N) synthesizers based on the above-described PLL frequency 
synthesis techniques have been in favor for some time because, inter alia, they provide 
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for non-integer division of the VCO output, thereby providing greater flexibility in 
choosing VCO outputs, and allowing the use of higher frequency reference sources with 
the concomitant potential for wider bandwidth and faster loop locking times. Other 
aspects of F-N synthesizers are presented in incorporated patent application (i) cited 
above. 

[0009] It is often necessary in radiotelephone systems to apply modulation to a 
synthesized carrier to generate a modulated carrier. In some applications it has proven 
useful to apply modulating signals to modify the value of a frequency divider in PLL 
synthesizers (including F-N synthesizers) to derive the desired carrier modulation. Some 
radiotelephone systems employ so-called I-Q modulators to impart modulation 
information to transmitted carrier signals. In such schemes digital data are typically 
converted into I and Q (in-phase and quadrature) analog signals that are applied to 
respective mixers, whose outputs are then combined to form a composite modulated 
signal. This composite signal is then mixed to the desired output frequency. 
[0010] Gaussian Minimum Shift Keying (GMSK) modulation is an I-Q modulation 
technique used in many radiotelephone systems, including widely deployed GSM mobile 
systems. Some GMSK systems provide digital I-Q modulation in a configuration 
generally of the form shown in FIG. 1. There, a first (IF frequency) VCO 107 is 
controlled in a PLL comprising stable frequency source (e.g., crystal) 100 to produce a 
reference frequency at the output of associated reference oscillator 101. The output of oscillator 
101 is then conveniently divided in reference divider circuit 102 and applied as one input to phase 
detector 103. A second input to phase detector 103 is provided by loop divider 104 receiving the 
output from VCO 107. Phase detector 103 reflects any phase discrepancies between its inputs by 
supplying charge pump 105 with an appropriate pulse, which, after filtering in low-pass filter 106 
is used to adjust the frequency of VCO 107. An output from VCO 107 is provided to quadrature 
network 109 for deriving respective I and Q components corresponding to the output of VCO 
107. 

[0011] Modulation inputs to the transmitter of FIG. 1 are presented in an illustrative 
parallel four-bit non-return-to-zero (NRZ) format to interface unit 1 10 for conversion to a 
serial format before being presented to phase mapping circuit 112. Mapping circuit 1 12 
converts a serial input data stream into sequences of in-phase and quadrature phase pulses 
representative of the I and Q modulation components appearing on leads 1 13 and 114, 
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respectively. In appropriate cases, mapping circuit 112 is realized as data-addressed I 
and Q read-only memories for producing input-data-controlled pulse sequences on 
respective circuit paths 1 13 and 1 14. These pulse sequences are then applied to 
respective digital filters 115 and 116, digital-to-analog converters (DACs) 117 and 11 8, 
and low pass smoothing filters 1 19 and 120 to provide analog pulses having shapes 
appropriate for QMSK modulation. See, for example, B. Razavi, RF Microelectronics, 
Prentice-Hall, 1998, especially pp. 150-152. 

[0012] In many applications, relevant ones of circuit elements 110 through 120 will be 
found on a semiconductor chip that also includes a digital signal processor (DSP) or other 
source of modulating signals. In such cases serial interface 1 10 will not always be 
necessary, because the illustrative DSP (or other signal source) will provide modulating 
signals in appropriate form to drive phase mapping circuit 1 12 or equivalent 
functionality. In any event, elements 1 12 and 1 15 through 120 will advantageously 
function in close cooperation with a signal source (such as a DSP) to provide smoothed 
analog modulating signals at the outputs of filters 119 and 120. 
[0013] Then, the smoothed I and Q pulse sequences are applied at respective mixers 
121 and 122 to be combined with corresponding I and Q IF signals from VCO 107 via 
quadrature network 109. The mixed outputs from mixers 121 and 122 are then combined 
in well-known fashion in combiner 125, and, after IF bandpass filtering in filter 165, are 
applied to mixer 170, which also receives transmit carrier signals from VCO 160 
connected in its associated PLL loop comprising loop divider 140, phase detector 135, 
charge pump 145 and loop filter 150. The second input to phase detector 135 is provided 
by oscillator 101 as modified by reference divider 130, as appropriate to particular 
frequencies employed. The finally mixed, GMSK-modulated carrier is further bandpass 
filtered in filter 180 before being applied to power amplifier 190 and thence to the 
transmit antenna. 

[0014] As will be appreciated from a consideration of FIG. 1, prior art I-Q modulation 
techniques employ a variety of complex filtering, digital-to-analog conversions, and 
multiple PLL synthesizers necessitating complex circuitry and concomitant high power 
expenditure. Though direct digital interfacing to F-N synthesizers is possible, a 
predominant percentage of baseband modulation inputs presently available for use with 
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F-N synthesizers (or other frequency sources) include only analog modulation inputs. 
Therefore, a digital modulator having reduced parts count, lower operating current and 
simplified operation, and which can accept analog I and Q data streams to control 
modulation in a F-N synthesizer is highly desirable. Moreover, modulators capable of 
accepting either analog or digital inputs are likewise desired in modulating F-N 
synthesizers. 

Summary of the Invention 

[0015] Limitations of the prior are overcome and a technical advance is made in 
accordance with the present invention, typical embodiments of which are described 
below. 

[0016] In accordance with illustrative embodiments, a digital NRZ data stream is 
generated by specially configured conversion circuits, the outputs of which are applied to 
a F-N synthesizer (along with channel selection and AFC signals) to modulate the output 
of the synthesizer. In one illustrative embodiment, a conversion circuit employs a system 
of comparators to detect the state of analog I and Q signals input signals at each bit 
interval and to decode outputs of such comparators to determine the NRZ sequence that 
gave rise to detected states. Once so determined, these NRZ signals are applied to an F-N 
synthesizer in the same manner as NRZ signals generated in baseband signal processing, 
which baseband NRZ signals are generally unavailable in current radiotelephone systems 
employing F-N synthesizers. 

[0017] In accordance with another aspect of the present invention, modulation inputs 
may be received either as analog or (as available) digital I and Q inputs. Selection 
between input modes is illustratively made using only a single binary control signal. In 
either mode, modulation inputs are advantageously processed for delivery to a F-N 
synthesizer. 

Brief Description of the Drawing Figures 

[0018] The above-summarized invention will be more fully understood upon 
consideration of the following detailed description and the attached drawing wherein: 
[0019] FIG. 1 shows a prior art I-Q analog modulator. 
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[0020] FIG. 2 shows an overall view of an illustrative embodiment of the present 
invention. 

[0021] FIG. 3 shows the signal constellation for GMSK modulation. 

[0022] FIG. 4 shows an illustrative GMSK NRZ signal pattern and analog waveforms 

corresponding to such NRZ signals. 

[0023] FIG. 5 shows an illustrative comparator arrangement useful in some 
embodiments of the present invention. 

[0024] FIG. 6 shows an illustrative conversion circuit for developing modulation 
control signals for a F-N synthesizer in response to applied analog modulation signals. 
[0025] FIG. 7 shows an illustrative decoding circuit for generating NRZ bit pattern 
signals in response to applied thresholded signals having +1 and -1 values. 

Detailed Description 

[0026] The following detailed description presents illustrative embodiments of the 
present invention. Those skilled in the art will discern alternative system and method 
embodiments within the spirit of the present invention, and within the scope of the 
attached claims, from consideration of the present inventive teachings. 
[0027] FIG. 2 shows an overall view of an illustrative RF transmitter circuit in 
accordance with one aspect of the present invention. The transmitter circuit of FIG. 2 
includes a modulator circuit 212 comprising serial interface 210 receiving serial digital 
input signals (one bit at a time) from a source of modulation signals on one of leads 233. 
Other digital inputs will typically include clock and sync inputs, as is well known in the 
art. In the context of a mobile radiotelephone, such digital modulation signals will 
typically originate with a digital signal processor (DSP) or other circuitry for performing 
well-known compression and coding operations on input speech and data signals to 
produce baseband modulation signals. 

[0028] For the case of an illustrative digital input on leads 233, serial interface 210 
transfers data bits on its digital output to F-N synthesizer 275 by way of a suitable digital 
interface. In one illustrative embodiment, such a digital interface will assume the form of 
a digital modulation lookup table 213. Illustratively, a digital interface in such lookup 
table form receives a current NRZ data bit and uses it in combination with three or more 
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past NRZ data bits to define a modulation word (e.g., a 24-bit word) to be presented to F- 
N synthesizer 275. 

[0029] In the more common case of analog modulation inputs to converter 211, 
illustrative embodiments of the present invention receive analog signal input sequences 
and generate corresponding digital signals for use (after passing by way of a digital 
interface 213 and adder 225) in appropriately modifying the operation of F-N synthesizer 
275. A table lookup approach to providing digital modulation words in unit 213 will 
again advantageously be used, as for the case of digital inputs. 
[0030] F-N synthesizer 275 shown in FIG. 2 comprises VCO 260, fractional divider 
204, phase detector 203 (receiving reference input from VCO 201 based on reference 
source 200), charge pump 205 and loop filter 206. The output of the (modulated) carrier 
from VCO 260 is applied to power amplifier 290 for transmission over an associated 
antenna, as is well known. 

[0031] While details of effecting modulation of the output of VCO 260 in response to 
modulation signals from a digital modulation interface (illustratively shown as 213 in 
FIG. 2) are not essential to an understanding of the present invention, it will be 
recognized that known techniques for achieving this result include employing digital 
outputs of a digital modulation interface to address an appropriate segment of a lookup 
table for generating signals (e.g., frequency offset words) for input to fractional divider 
204 of F-N synthesizer 275 as a function of time. Other background aspects of digital 
modulation that will prove generally useful in the present inventive contexts will be 
found in U.S. Patent 5,079,522 issued to Owen, et al, January 7, 1992. 
[0032] Adder 225 in FIG. 2 is also shown receiving channel select and automatic 
frequency control signals from serial interface 214. These inputs are used, with 
modulation signals from converter 211, to modify the value of fractional divider 204, 
thereby to define the frequency output of VCO 260 for transmission via power amplifier 
290. Because channel select and automatic frequency control aspects of modifying F-N 
synthesizer 275 are well known, these aspects will not be further described in the sequel. 
For additional background see, for example, U.S. Patent 4,121,162 issued to Alberkrack, 
etal. 
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[0033] As will be described in greater detail below, conversion circuitry and methods 
in accordance with the present invention allow RF transmitters in radiotelephone and 
related contexts to accept standard analog IQ modulation signals from existing interfaces 
while using F-N synthesis to directly generate GMSK or other transmitted signals. 
Before considering such conversion circuits and methods in detail, however, it proves 
useful to consider the nature of GMSK signals generally, and then to consider how input 
analog modulating signals can be converted to a NRZ digital format for use with a F-N 
synthesizer. 

GMSK Constellation and Signaling 

[0034] GMSK is a constant envelope form of modulation with four constellation points 
- as shown in FIG. 3. As each new symbol is received, the phase of the modulated signal 
must move clockwise or counter-clockwise by 90 degrees. Transitions across the center 
of the circle of the constellation are not allowed. If the phasor representing this 
modulation process is decomposed into an I (in-phase) component and a Q (quadrature) 
component, then each of these components must be zero for alternate symbol intervals; 
when one of these components is zero, the other component is either -1 or +1 . Further, if 
the state of I and Q can be determined at each time interval to be either -1, 0, or +1, then 
the bit that caused the transition from the previous state to the present state can be 
determined. That is, a conversion from input analog modulation signals to digital NRZ 
modulation bits can be determined. Table I presents the possible transitions between 
states and the corresponding input data bit that caused such a transition. 





TABLE I 




State N 


State N+l 


Input Bit 


i=o,q=i 


i=i,q=o 


-1 


i=o,q=i 


I=-1,Q=0 


+1 


i=i,q=o 


I=0,Q=-1 


-1 


i=i,q=o 


I=0,Q=1 


+1 


I=0,Q=-1 


I=-1,Q=0 


-1 


I=0,Q=-1 


I=1,Q=0 


+1 


I=-1,Q=0 


I=0,Q=1 


-1 


I=-1,Q=0 


I=0,Q=-1 


+1 
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When the input bit pattern corresponding to the I and Q transitions has been determined, 
this bit pattern is fed to the F-N synthesizer modulation input port. 
[0035] FIG. 4 shows illustrative normalized analog I and Q waveforms (400 and 41 0, 
respectively), including representative transitions in the upper part of that figure. The 
corresponding (time shifted) digital bit sequence is shown at the bottom of FIG. 4. From 
this plot it can be seen, for example, that a pattern of 0101 or 1010 results in I and Q 
waveforms that vary in magnitude (normalized to maximum magnitudes of 1 .0) from 
0.52 to 0.85 (or -0.52 to -0.85). In this case, then, a level of 0.85 corresponds to a +1 (- 
0.85 corresponds to -1) and levels of +/- 0.52 corresponds to a 0. From the example of 
FIG. 4 it becomes clear that input data patterns consisting of strings of 0 or 1 show clear 
-1, 0, or +1 points at each bit time. It will be recognized that different particular 
maximum amplitudes may be presented as outputs of particular DSPs (or other source) of 
analog modulation signals. It therefore proves advantageous to receive additional input 
signals defining positive and negative threshold values for a particular context. In the 
discussion of an illustrative converter circuit in connection with FIG. 6, such threshold 
values are conveniently set using inputs on leads TX_THP and TX THN for positive and 
negative threshold values, respectively. Such threshold values will be set based on 
prescribed output levels for a particular source of analog modulating signals. 
[0036] Based on the nature of input I and Q signals shown in FIG. 4, it proves 
advantageous in converting from analog to digital signals to set up a system of level 
comparators based on the I and Q signals with appropriate thresholds, and to set up a 
digital decoding system for processing comparator outputs. In particular, relevant states 
of either the I or Q channel can be determined by two comparators, for a total of four 
comparators for both channels. Each comparator advantageously has a threshold of 
+/- 0.7 * (maximum input level). 

[0037] The circuit of FIG. 5 presents an illustrative comparison system used for each of 
the I and Q channels. There, an input on port 500 is applied to the + input of comparator 
510 and the - input of comparator 520. Corresponding threshold voltages Vthp and Vthn 
are applied to the - terminal of comparator 510 and + terminal of comparator 520, 
respectively. If, in the circuit of FIG. 5, the port labeled "ONE" is high, then a +1 is 
present on the input 500. If the port labeled "M_ONE" is high, then a -1 is present on 
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input 500. If neither port is high, then a 0 is present on the channel. Once logical 
representations of-1 and +1 have been realized, well-defined logic operations (to be 
discussed below) are used to derive the desired NRZ bit pattern. In performing such logic 
operations, it proves advantageous to represent the -1 value by logical one, and the +1 
value by logical zero. 

[0038] FIG. 6 shows a functional representation of a generalized interface for accepting 
either digital or analog inputs for application to a digital modulator applying modulation 
to a F-N synthesizer. The configuration shown in FIG. 6 will prove useful for 
implementation on an integrated circuit, where interface signals will illustratively be 
applied on integrated circuit (IC) pins. Since both analog and digital modulation inputs 
will not be present at the same time, three of the interface pins will be shared between 
analog and digital interfaces. In particular, the TXEB, TXQ and TXQB analog input pins 
(603, 605 and 606) are advantageously shared with the MS, MDI and MCKO digital 
input signals. It proves advantageous in the illustrative circuit of FIG. 6 to provide 
analog input signals for the I and Q channels as pairs of differential signals (TXI and 
TXEB, TXQ and TXQB) to avoid possible absolute DC center reference issues. 
[0039] In one illustrative mode of operation, a high level on the TXADB input pin 
causes the illustrative interface of FIG. 6 to operate in the analog mode. Thus, TXI is 
enabled, TXIB is enabled (while MS, the frame sync digital output is disabled), TXQ is 
enabled (MDI, the digital symbol input is disabled), and TXQB is enabled (while MCKO, 
the symbol clock output is disabled). When low, the interface operates in the digital 
mode with TXI, TXIB, TXQ, and TXQB inactive. Because analog inputs are currently 
more prevalent, it proves convenient to program a high value for TXADB in most cases. 
[0040] Switches 633, 637 and 639 are illustratively inhibited when a high level is 
present on TXADB, while switches 625, 627 and 629 are operative to connect respective 
analog inputs TXIB (on 603), TXQ (on 605) and TXQB (on 606) to comparators 641-644 
as shown in FIG. 6. The TXI input (on 601) is also applied to comparators 641 and 642. 
More particularly, the I analog inputs (on 601 and 603) are tested in comparators 641 and 
642 against threshold values provided on leads TX_THP and TX_THN to determine if I 
> 0.7 or K -0.7, with outputs of comparators 641-644 being provided to decode logic 
670. Likewise, Q analog inputs (on 605 and 606) are tested in comparators 643 and 644 
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against threshold values TXTHP and TX_THN to determine whether Q > 0.7 or Q < - 
0.7, with outputs of the comparators again being provided to decode logic 670. As noted 
above, values for thresholds may vary with particular sources of analog modulation 
signals. An illustrative circuit arrangements for realizing decode logic 670 is described 
below. 

[0041] Clock 650 and phase adjust circuit 660 (the latter receiving phase adjust inputs 
on input 662) clock decode logic in a manner to select outputs of decode logic 670 at 
appropriate times for determining +1 and -1 NRZ values based on analog inputs on inputs 
601 , 603, 605, and 606. It will be seen that a high level on TXADB again inhibits 
connection through switch 642 of digital interface 640 to the digital modulator 695 
associated with F-N synthesizer 690. A high level on TXADB permits the output of 
decode logic 670 to apply modulation inputs to digital modulator 695. TX_EN input 609 
is conveniently used to selectively enable (start and stop) modulation operations in the 
circuit of FIG. 6. 

[0042] The following additional serial interface bits not expressly shown in FIG. 6 are 
also advantageously added to an illustrative IC package embodying illustrative 
embodiments of the present invention: 

[0043] PHADJ[5 :0], where the bracketed 5:0 indicates a 6-bit data path (with bit 5 
being the most significant, and bit 0 being the least significant), selects the phase of the 
symbol clock used in making I and Q threshold decisions, in increments of a system 
clock (e.g. , a 1 3MHz clock). In some embodiments it proves convenient to have 48 
possible states. Thus a choice will be made in determining a correct setting of the phase 
relative for a particular radio in use. However, a particular setting will generally be 
identical for all radios based on a specific hardware platform. 
[0044] TX_THP[3 :0] Sets the positive threshold of the differential I and Q 
channel comparison. For illustrative analog inputs described above this will be set to 0.7 
times the peak I or Q voltage. Since the peak voltage changes with radio platform 
hardware this threshold is advantageously made programmable over a range from 0.1 0V 
to 0.85V in 0.05V steps. Again, a design choice will be made in determining a correct 
setting of the positive threshold that will be used for all radios using a particular hardware 
platform. 
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One illustrative set of program selection will be: 



0000 


0.1 0V; 


0001 


0.15V; 


0010 


0.20V; 


0011 


0.25V. 


0100 


0.30V; 


0101 


0.35V; 


0110 


0.40V; 


0111 


0.45V 


1000 


0.50V; 


1001 


0.55V; 


1010 


0.60V; 


1011 


0.65V 


1100 


0.70V; 


1101 


0.75V; 


1110 


0.80V; 


1111 


0.85V 



[0045] TX_THN[3:0] Sets the negative threshold of the differential I and Q 
channel comparison. For illustrative analog inputs described above this will be set to -0.7 
times the peak I or Q voltage. Since the peak voltage changes with radio platform 
hardware this threshold is advantageously made programmable over arrange from -0.1 0V 
to -0.85V in 0.05V steps. Again, a design choice will be made in determining a correct 
setting of the negative threshold that will be used for all radios using a particular 
hardware platform. One illustrative set of program selection will be: 



0000 


-0.10V; 


0001 


-0.15 V; 


0010 


-0.20V; 


0011 


-0.25V 


0100 


-0.30V ; 


0101 


-0.35V; 


0110 


-0.40V; 


0111 


-0.45V 


1000 


-0.50V; 


1001 


-0.55V; 


1010 


-0.60V; 


1011 


-0.65V 


1100 


-0.70V ; 


1101 


-0.75V; 


1110 


-0.80V; 


1111 


-0.85V 



[0046] As will be appreciated from the preceding discussion of FIG. 6, differential 
analog I and Q signals on inputs 601, 603, 605 and 606 are advantageously converted 
into digital values of -1, 0, and +1. These signals are then applied to decoder logic 
circuitry 670 where, along with stored results from prior decoding, they are used to 
determine whether the input NRZ data was a +1 or a -1, represented by logical 0 and 
logical 1, respectively. The output of decode logic 1 is therefore a serial (one-bit wide) 
stream for application to digital modulator 695 in FIG. 6. 

[0047] FIG. 7, comprising FIGs. 7A and 7B, shows inputs on leads I ONE, I MONE, Q 
ONE and Q MONE inputs on leads 702, 703, 704 and 705, respectively being clocked 
into corresponding flip-flops 710, 712, 714 and 716. Results of prior decodings of inputs 
on input leads 702, 703, 704 and 705 during immediately preceding bit periods are stored 
in flip-flops 730, 732, and 733 (for I inputs) and 735, 737 and 739 (for Q inputs). As 
discussed above in connection with FIG. 5, outputs from comparator pairs (say for I 
inputs) are: I ONE = high for a +1 analog input, I MONE = high for a -1 and a 0 when 
neither I ONE nor I MONE is high. The same relationships exist for Q inputs. 
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[0048] Thus, when I ONE is high (indicating a +1 1 input), flip-flop 710 has a logical 1 
clocked into it for a current bit interval. Then, during the following bit interval, that 1 is 
clocked into flip-flop 730. Others of the inputs one 703-705 provide similar results in 
respective flip-flops 712 (and 733), 714 (and 735) and 716 (and 739). Thus, for example, 
a high level on Q MONE (indicating a -1 Q input) gives rise to a logical 1 being clocked 
into flip-flop 716 during a current bit interval, which logical 1 is clocked into flip-flop 
739 during the following bit interval. When neither I ONE nor I MONE is high for a 
current bit interval (indicating a 0 1 input), then both of flip-flops 710 and 712 will have a 
logical 0 clocked into it for the current bit interval. Then, NOR gate 720 will receive two 
logical 0s and will provide a logical 1 at its output to be clocked into flip-flop 732 during 
the following bit interval. The same logical functioning applies to a 0 Q input, with NOR 
gate 724 providing a 1 that is clocked into flip-flop 737. Gates 741 through 780 then 
combine the signals for current and past bit intervals in accordance with Table I to 
produce the above-described 1-bit sequence of binary digital signals (logical 0 and 
lrepresenting +1 and -1, respectively) for input to digital modulator 695 in FIG. 6. 
[0049] While the above-described conversion and decoding techniques have been 
described in a particularly useful context of analog modulation inputs commonly 
associated with GMSK modulation processing, those skilled in the art will recognize that 
such techniques will also find application in other constant envelope digital modulation 
contexts. Thus, for example, the well-known Bluetooth radio systems will also employ 
present inventive teachings to advantage. 



